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Abstract 

String effective theories with N=l supersymmetry in four dimensions are subject 
of the discussion. Gaugino condensation in the chiral representation of the dila- 
ton is reviewed in the truncated formalism in the C//<(l)-superspace. Using the 
supersymmetric duality of the dilaton the same investigation is made in the linear 
representation of the dilaton. We show that for the simple case of one gaugino 
condensate the results concerning supersymmtry breaking are independent of the 
representation of the dilaton. 
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1 Introduction 

String effective theories with N=l supersymmetry in 4 dimensions are subject of the 
discussion. These theories are effective in the sense, that they are low-energy hmits of 
a given higher dimensional string theory after dimensional reduction and integrating 
out all heavy modes. At tree level the gauge coupling constant can be expressed by the 
vacuum expectation value of the dilaton superfield S: = 2 {S + S)~^. Throughout 
this text S + S will be denoted as the chiral representation of the dilaton. 
It has been shown that there exists a supersymmetric legendre transformation called 
supersymmetric duality, which transforms S+S into a linear superfield L 
where L will be called the linear representation of the dilaton. From the point of view 
of string theory this is very attractive, because the linear superfield contains a real 
scalar, denoted as the dilaton C here, and an antisymmetric tensor. This field content 
naturally exists together with the graviton at the massless level of string theories. The 
corresponding vertex operators are 



V = e^^ dX" dX" e'^^ 



with e^i, = for the graviton, e^y = —Sy^ for the antisymmetric tensor and e^^ = Sy^ 
for the dilaton. 

Since one integrates out only the massive states to go to the effective theory, these 
fields appear in the low energy supergravity action of four-dimensional, = 1 super- 
symmetric heterotic strings. Due to phenomenological reasons = 1 supersymmetry 
must be broken. Non-perturbative condensation of gauginos provides a promising 
mechanism for spontaneous supersymmetry breaking at the level of the effective super- 
gravity action and has been studied extensively |l9| JlO|JTl[| in the pure chiral formulation 
of global and local supersymmtry. 

According to Witten's index theorem [|l^ global supersjnnmetry is not broken in a 



pure Super- Yang- Mills model or a Super- Yang-Mills model coupled to real matter rep- 
resentation, at least in the case of massive matter fields. This leads to the so called 
truncated formalism in studying gaugino condensation and will be very powerful in the 
following discussion. 

Since, as already mentioned, the linear representation of the dilaton plus antisymmet- 
ric tensor field appears to be more natural in string theory, it is an important task to 
see whether supersymmetry breaking by gaugino condensation can be also consistently 
formulated within the linear formalism. This topic was essentially not yet discussed in 
the literature (for some interesting considerations see 0), and we try to make a step 
to fill this gap. An important aspect within this framework is that the linear formal- 
ism automatically preserves an U{1)pq symmetry, namely shifts in the antisymmetric 
tensor field of the form hmn — ^ + dmbn — dnhm with hm arbitrary. Thus describing 
the gaugino condensation in the linear formalism implicitely assumes that the U{1)pq 
symmetry is not broken by the non-perturbative dynamics. (Perturbatively, the U{1)pq 
holds in any case.) We will show in the following that the formation of one gaugino 
condensate in one hidden gauge sector can be consistently formulated within the linear 
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formalism. The case of several gaugino condensates is planned to be investigated in the 
future. 

The paper is organized as follows: After definition of the field content and discussion 
of the symmetries, a short introduction in the ?7K(l)-superspace is given. Afterwards 
gaugino condensation is studied in the chiral and the linear representation of the dila- 
ton. The supersymmetric duality is also investigated in the Lorentz-superspace, where 
some subtleties occur. 



2 Field Content and Symmetries 

= 1 supersymmetric theories can be easily defined in superspace ITSlflJl^ . One of 



the basic objects in any superspace formulation are chiral superfields S, because their 



lowest components are scalar fields parametrizing a Kahler manifold These chiral 
superfields obey the constraint 



S = P„ S = 



(2.1) 



and are defined at component levelQ 

E| = A{x) V^^ = V2xaix) V% = -AF{x). 



(2.2) 



The Yang Mills multiplet Wj-^^ with the index r belonging to the internal gauge group 
is defined as 



and the field strength reads 

Jmn ~ ^m'^n ^n"m ' "m "n (p)(<3) 

with the generators of the internal gauge group satisfying 



(2.3) 



(2.4) 



(2.5) 



^We use the usual superspace notations J = J d^O and X\ = X\g^Q. 
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By constructing the chiral density S = e + ieOa^'ipa — e9 {M + ipaoipb) one finds for 



tlie supergravity sector tlie graviton, tlie gravitino and two auxiliary fields [|T3| 



E^ I = -^^{x) R\ 



--Mix) 





Gn 



-^ba{x). 



(2.6) 



The linear multiplet L is the difference of the Chern-Simons superfield Q Pfl^i) @1 
the real linear multiplet / and satisfies the following constraint: 



(p2 - 8R) L 



-2 tr WWa 



l-Q 



(2.7) 



The real linear multiplet / obeys — 8R) I = and therefore (P^ — 8R) Q = 
2 tr W^Wa- The linear multiplet L contains a real scalar C, which is called dilaton in 
this framework, its supersymmetric partner, the dilatino ipa, an antisymmetric tensor 



bjnn and the Yang-Mills Chern-Simons form u^y 



nml 



InLi 



C(x) 



V„ InL 



V V- 



V5«(x) 

4 



1 



^e'^baa + 4 tr A^A^ + Ckaa |£:'''""^(9„6 

ml 2 ^SYnml 



(2. 



The supersymmetric duality of the dilaton will be discussed in this paper and the 
duality transformed linear multiplet will be denoted as Sr = S + S with 5* being a 
chiral superfield. Inspired by [0 one defines 



^1 



-c 



+ i a){x) V^S\ = V2 



-4 fix) 



(2.9) 



Effective superstring models do not only have the symmetries of usual supergravity 
theories, namely Kahler symmetry or super- Weyl-Kahler symmetry |]T3[, but also 
target space modular symmetries (for a review see Ijl^) induced by the target space 
duality group. For orbifold compactifications the target space duality group is often 
given by the modular group PSL{2, Z), acting on one chiral field T as 



r 



a T — i b 
i c T + d 



ad — be = 1 



a,b,c,d & Z 



(2.10) 
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where T corresponds to an internal, overall modulus: T = + iB . We just consider 
this case for simplicity. Then the effective supergravity action has to be target space 
modular invariant |l8l . 



The target space modular transformations act as Kahler transformations on the Kahler 
potential. Kahler transformations are harmonic transformations of the Kahler potential 
of the form 



(2.11) 

where -F(S) are arbitrary holomorphic functions. The superpotential ci;(S) must trans- 
form in the following way under Kahler transformations: 

(2.12) 

The (super- Weyl-) Kahler and the modular symmetry can be characterized by weights. 
With respect to one of these symmetries the weights add up and an invariant expression 
has vanishing weight: 

W{X Y) = W{X) + W{Y) , X' = X ^ W{X) = 

(2.13) 



3 The t/i^(l)-Superspace 



In the f/x(l)-superspace formulation PJT^ all the weights of these different symmetries 
can be characterized by Kahler weights only. Furthermore the [/i^(l)-superspace is 
manifestly Einstein normalized. This issue will be very powerful in the discussion of 
the super symmetric duality of the dilaton. 



The structure group of [/R'(l)-superspace is SL{2, C) x Uk{X) and the corresponding 
two Lie algebra valued connections are 

= dz^^ (t)MB'^ and A = dz^^ Am 

(3.1) 

The Uk{^) connection A is a composite gauge connection defined as 



1 _ . 1 _ . 3i i 

■^a = ^ T^aK A" = — — T>"K A^a = ^ ~ g 



V V- 



K. 



(3.2) 
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and K is the Kahler potential defining a Kahler manifold. The corresponding Kahler- 
form, also denoted as K for simplicity, obeys the Kahler condition |[T5[| : 

K = K+ dA'dA^ Qfj and dK = 0, 

(3.3) 

where g^j = di dj K{A, A). 

Introducing an internal gauge group with connection hj' = dz^ ^mo* "^^^ solve 
the Bianchi-identities subject to a set of constraints |T^. It turns out, that the basic 
objects of the theory are the following superfields with Kahler weights Wk 



Superfield 


R 




Ga 




R+ 




2 


1 





-1 


-2 



Here is the field strength of the Uk{^) connection with 

X^ = V^R-V^G^^ = -hv^-SR)V^K 

o 

X" = V^R-VaG''" = -^{V^ -8R^) V^K 

(3.4) 

The resulting action is invariant under Kahler, gauge and Lorentz transformations . 
Superfields Z with Kahler weight }Vk{Z) = 7 transform under Kahler transformation 
as 



-i^ImFCE}/2 



(3.5) 



and the covariant derivative is given as 



VbZ 



E^^OmZ + jAbZ. 



(3.6) 



To build a model it is necessary to know about three functions pO) , namely the Kahler 
potential K, the superpotential u and the gauge kinetic function Jab- We now consider 
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the case of one gaugino condensate in a pure Yang-Mills hidden gauge sector with gauge 
group G. The corresponding = 1 /5-function coefficient is denoted by 6 (6 = — 3A^ 
for G = SU{N)). The induced effective superpotential dictated by Ward identities and 
modular invariance, is non perturbative and reads |^ 



= ^FV^/Mn{c-2V-'^(^)r-^e^''/6}, (3.7) 

where /ab ~ ^ab /(S). The light degrees of freedom are represented by gauge-singlet 
composite superfields: ~ W^Wa with the Kahler weight Wi^(F) = 2/3. The la- 
grangian in the t//^ (l)-superspace formulation is given in [n] 



£ — ^matter + ^YM + ^pot (3. 



with 



matter 


-3 


1 E[K] 


r — 

'~'pot 




E K/2 

R 


^YM = 


w 





(3.9) 



4 Gaugino Condensation 



Now gaugino condensation can be studied in the framework of f/ft-(l)-superspace. Ev- 
erything is worked out in the truncated formalism. 

4.1 The Chiral Representation of the Dilaton 

The tree-level Kahler potential under discussion will be 



K = -4n ln(5 + 5) - 3 ln(T + T) (4.1) 

and the gauge kinetic function reads at tree level plus one loop ||2^ (we neglect effects 
from possible Green-Schwarz terms, i.e. we assume that S is invariant under target 
space modular transformations) 



AB 



n 5 



AB 



s 



(4.2) 



ri{T) is the well-known Dedekind function. So the gauge kinetic function leads to an 
effective superpotential JlT 
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= ^FV^/Mn{(cr7(r))-2''y-''e«-'^e^^/6} (4.3) 

with = n WWa- Note that in the Uk(1 )-superspace Y transforms under Kahler 
transformations as F' = y e"^^*^^-*"'^'-^''^/^. But the combination Y e~^^^ transforms 
purely chirah 

If global supersymmetry is not broken, one can eliminate the condensate Y and go to 
the truncated lagrangian. The condition for unbroken global supersymmetry reads 

and yields the equations of motion for the composite field Y. 

Y = , ^Y' = (87r'e)-i {cv{T)r'' e^^^'^/^ e^/^ (4.6) 

The first equation of motion is just the trivial minimum corresponding to \^ = 0. For 
gaugino condensation one must find an energetically favoured minimum compared to 
this trivial one. Note that the second equation is equivalent to the statement, that the 
superpotential is chiral. It vanishes in the fiat limit, where ^ 1 in ([4.3|) . Therefore 



the second equation of motion must hold and will be studied further. The truncated 
superpotential reads now [|l^ 



u;iS,T) = giS)hiT) (4.7) 



with the definition 



g{S) = ^e-^' (4.8) 

h{T) = {8iT^ey\cr]{T)y'' (4.9) 
p = -247rV& (4.10) 

As usual one performs a Kahler transformation to go to the G-function: 
with G = + ln|u;p and 7]~^ ' = ri~^uj~^ the lagrangian reads 



C ^ _3/^|Gl.(i/|e°/V..c 



(4.11) 
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if - as considered here - the superpotential is non-singular. Going to components the 
potential reads in general [^] 



V = (G, C'^G-j - 3). 

(4.12) 

If one introduces now the Eisenstein function G2(T) = G2(T) — ^ and defines 

k(S + S) = {■^^Sji + 2y/ny one finds the effective potential in the chiral representation 
of the dilaton 



V{S,T) = \G2{T)\' + k{S + S) - 3^ (4.13) 

Note that the potential is positive for a constant superpotential, say u = 1, if the 
Kahler potential is of the considered no-scale type. 



4.2 Duality Transformation 

The supersymmetric duality transformation amounts to a legendre transformation, 
which transforms the dilaton superfield S + S into the linear multiplet L 



^ — ^matter + ^YM + ^pot 

E 



-3 J E[G] + Cpot + i^J W^W^ + h.c. 



E (^1 + 1^(5 + 5) n^+Cpot (4.14) 

Now one adds a lagrange multiplier Cim and sets S + S = U, where U is unconstrained. 
The lagrange multiplier contains the unconstrained field U and the real linear multiplet 
/. The whole system adds up to an unconstrained lagrangian Ly,. 

Cu = -3 I E (^l-'^U +Cpot (4.15) 

Variation with respect to I yields the old theory in the chiral representation of the 
dilaton. Variation with respect to U yields the linear representation of the dilaton. The 
following variations in [/x(l)-superspace must be used: 



6uE 
SuL 



1 dK 

~3 dU 
1 dK 



6U E 



6 dU 
1 dK 

3 dU 



5U R 



6U L 



(4.16) 
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Note that Cpot is invariant under variations with respect to U because u ^ uj{U). The 
other part of the unconstrained lagrangian yields 

§(l-|..).2„.a.i§.)^0 (4.17) 

So one finds with K{U) = —An \yJJ the duality relation 

L = ^. (4.18) 
Inserting this relation, one ends up with the new dual lagrangian. 

1 rE 



C,uai = (4n - 3) I E[T] + J ^ e^^' + h.c 



(4.19) 



with the dual G-function F given by 



r = 4nlnL-4riln2 -3 1n(T + r)+ln|cup 

(4.20) 

Note that the duality transformation has eaten the Yang-Mills tree-level action of the 
chiral representation of the dilaton. This part of the action will not enter an effective 
superpotential anymore. In the following it will be shown, that also in the potential 
this part is absent. That is to say, the characteristic term e~^^ vanishes in the linear 
representation of the dilaton. 

In the dual theory one needs only to know two functions, namely the dual Kahler 
potential Kduai = InL — 4n In 2 — 3 ln(T + T) and the superpotential uo. The price 
one has to pay is, that the dual Kahler potential Kduai is ill defined in the sense, that 
it is not a Kahler potential defining a Kahler manifold. However this can be healed by 
demanding, that the well-defined dual Kahler potential K^uai does not depend on the 
linear multiplet L. That is to say K^uai = K^uai — f{L), with f{L) = An ln(L/2) in this 
specific considerations. So by identifying the well defined Kahler potential one ends up 
again with three functions, one has to know for model building. But in this context the 
question arises, if the dual Kahler potential can always be decomposed in such a way. 

4.3 Linear Representation of the Dilaton 

In the linear representation of the dilatonQ the effective superpotential is given by 
a;(E) = y3g-E'/2 {j^cri{T))~'^^ qKI>/6^ only. Again one eliminates the conden- 
sate and finds the truncated superpotential 



^The index dual will be dropped from now on. 
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uj{T) = gh{T) (4.21) 

with the definition 

9 = \ and h{T) = {^^e)-\c'n{T))-\ (4.22) 
The equation of motion for the condensate reads 

= (STr^e)-^ {cr,{T)r^ e^'^ (4.23) 
Again one performs a Kahler transformation to go to the F-function: With T = K + 



In I cup and rj ^ ' = t] ^uj ^ the whole lagrangian is given by ( ^4.19| ). Cpot transforms in 
the following way under this Kahler transformation: 

Cpot{K,u) = y I e^/^ ^(T) + /i.e. ^ C,ot{r) = y I 6^/2 + /i.e. 

(4.24) 

The equation of motion for the condensate also transforms under this Kahler transfor- 
mation. At component level one finds: 

tr X'^Xa = - (4.25) 
n 

At this point one has to ask for the potential. This time the potential is given by two 
parts. One is the usual scalar part given by eliminating the auxiliary fields M and F*. 
The second part is given by contributions, where the dilaton couples to the gaugino 
condensate only. 

The lagrangian considered here is evaluated at component level in p[ . The part of the 
lagrangian containing the auxiliary fields reads 

(4.26) 

where G is the well-defined dual G-function: G = Gduai = K^uai + ln\uj\'^. So the scalar 
potential from this part after elimination of the auxiliary fields is 



V = {G, G'~^G-j + 4n - 3) 



(4.27) 
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and reduces to the known potential in the chiral hmit n = 0. It is positive again 
for the considered no-scale Kahler potential K and a; = 1 - in analogy to the chiral 
representation of the dilaton. 

The second part of the potential is the sum of all monomials coupling the dilaton C 
only to the condensate tr A^: 

(4.28) 

Eliminating the condensate by the equation of motion (|4.25|) one finds 



V2{C,T) = |(Ae-^ + 2v^)2-4n 



(4.29) 

The sum of ( ^4.27| ) and ( ^4.29| ) gives the full scalar potential in the linear representation 
of the dilaton, if gaugino condensation takes place. In analogy to the chiral case one 
defines k{C) = (-^ e"*" + l^fnf' and finds for general n the identity A;(C) = k{S + S") 
and 



V{C, T) = {d G'^G-j + k{C) - s} 
And for n=l/4 this reduces to 



(4.30) 



f3T2 . ^ 
V{C,T) = ^l^r|^|G2r + MC^)-3|, (4.31) 

where ut is given by ( [4.2 1|) . 

The parameter n must be equal to 1 /4 to lead to a good duality preserving the canonical 
form for the Yang Mills action at component level . The mechanism of supersymmetry 
breaking by this effective potential, discussed in the chiral representation of the dilaton 



in |T^, is still valid, although the potential looks slightly different. 



5 Connection to Lorentz-Superspace 



In the Lorentz-Superspace of |13] the considered lagrangian looks like 



£ = -3 |e-^/3 + ^{S + S)n^ + / I ^(S) + ^-c-) (5-1) 

This lagrangian is invariant under the super- Weyl-Kahler symmetry. The torsion con- 
straints of Lorentz superspace [^,|l^ are invariant under super- Weyl transformations 



5 CONNECTION TO LORENTZ-SUPERSPACE 



12 



[ P^ . The supervielbein transforms under super- Weyl transformations with chiral su- 
perfields A as follows: 







C OL 




£m a ~ 





M 



(5.2) 



In the end one can introduce a Weyl weight and the super- Weyl transformation 
law 



X' = X e"'^"'(^+^) 

(5.3) 

For the superfields of interest one finds 

W^i£) = -2 , W^(S) = and >V^(1]) = W^(/) = W^(L) = 2. (5.4) 



If one performs now a Kahler transformation, the lagrangian ( ^.1|) is invariant under 
the combined super- Weyl-Kahler transformation if -F(S) = 6A. Note that Cpot is in- 
dependent of -|- if 7^ u!{S + S). Performing the same manipulations as in the 
[/x(l)-superspace one finds the unconstrained lagrangian 

= ^matter + ^YM + ^Im ~ j ^ {^^ ^^^^ 3~ ^ ^} ^^•'^) 

and by variation with respect to U 

' e--/3, (5.6) 



2n dU 

which becomes the duality relation in Lorentz-superspace if K[U) = —An Inll 



I e-^/^ (5.7) 



This duality relation looks different to ( [4.18 ) and it seems, that the whole Kahler 



potential is involved. But it only looks like, because we are not in an Einstein normalized 
frame. That is to say, we still have to perform the Weyl-rescaling of the vielbein and 
the appropriate shift of the gravitino. This manipulation is different than the one in 
the pure chiral theory of ||T3| , |20| , ^ . Inserting ( pTzD in ( pl5|) one ends up with the dual 
theory. 
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£ = {4n-3) Js (5 g) 

K = ^-^(4n lnL-4n ln2-3 ln(T + f)) (5.9) 
Performing now a Weyl-rescaling of the vielbein e" one finds in the notation 



of 20 



3 



e 



and = (4n - 3)e-^/=^ (5.10) 



The non canonical Einstein term of (|5.8|) gets Einstein normahzed as usual 



lectin ^ -ie7^ - ^e(9„ln0)2 + ^5^(e(?"^>-i9„0) (5.11) 
b 2 4 2 



The dual lagrangian ( |5.8|) is also invariant under the combined super- Weyl-Kahler 
symmetry, although the linear multiplet L enters the Kahler potential now. Again the 
super- Weyl-Kahler constraint reads -F(S) = 6A, but this time the dual (ill-defined) 
Kahler potential K transforms under super- Weyl transformation as 

~ - ~ - 24t7 

ir(S, S) ^ ;r(S, S) - ^-^ (A + A) (5.12) 

Still the same arguments given in the t/A'(l)-superspace formulation yield a well defined 
Kahler potential. 



6 Conclusions 

It has been shown, that the three basic functions relevant for model building in local 
effective string theories in 4 dimensions, namely the Kahler potential, the superpoten- 
tial and the gauge coupling function can be reduced in the linear representation of the 
dilaton to two functions at tree level. However one ends up again with three functions if 
one identifies a well-defined Kahler potential satisfying the Kahler condition. Gaugino 
condensation has been studied in the framework of [/A-(l)-superspace in the chiral and 
the linear represention of the dilaton and it turns out, that the known results of the 
chiral representation are completely equivalent to the results in the linear representa- 
tion. For the case of one gaugino condensate the supersymmetric breaking procedure 
is not affected by the duality transformation. Furthermore the duality transformation 
has been analysed also in Lorentz-superspace and it has been shown, that the field 
dependent Weyl-rescaling differs from the known pure chiral case. So in the framework 
of a superconformal theory the gauging of the compensators [ED, 03, which leads to 



the Poincare group as the structure group only, also differs from the gauging in the 
chiral representation of the dilaton. 
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